Abstract
We study the decays of the charmonium resonances J/ψ and ψ(3686) to the final states Ξ −Ξ+ , Σ(1385)
∓Σ
(1385) ± based on a single baryon tag method using data samples of (223.7 ± 1.4) × 10 6 J/ψ and (106.4 ± 0.9) × 10 6 ψ(3686) events collected with the BESIII detector at the BEPCII collider. The decay ψ(3686) → Σ(1385) ∓Σ (1385) ± is observed for the first time, and the measurements of the other processes, including the branching fractions and angular distributions, are in good agreement with, and much more precise than, the previously published results. Additionally, the ratios 
I. INTRODUCTION
The study of ψ [in the following, ψ denotes both charmonium resonances J/ψ and ψ(3686)] production in e + e − annihilation and the subsequent two-body hadronic decays of the ψ, such as baryon-antibaryon decays, provide a unique opportunity to test quantum chromodynamics (QCD) in the perturbative energy regime and to study the baryonic properties [1] . These decays are expected to proceed via the annihilation of cc into three gluons or a virtual photon. This model also leads to the prediction that the ratio of the branching fractions of ψ decays to a specific final state should follow the so-called "12% rule" [2] B(ψ(3686) → hadrons) B(J/ψ → hadrons) ≈ B(ψ(3686) → e + e − ) B(J/ψ → e + e − ) ≈ 12%,
(1) where the branching fractions probe the ratio of the wave functions at their origins for the vector ground state J/ψ and its first radial excitation ψ(3686). This rule was first observed to be violated in the process ψ → ρπ, which is known as the "ρπ puzzle,"and was subsequently further tested in a wide variety of experimental measurements [3] . Recently, a review of the theoretical and experimental results [4] concluded that the current theoretical explanations are unsatisfactory, especially for the baryon pair decays of ψ mesons. Therefore, more experimental measurements on baryon-antibaryon (BB) pair final states, e.g. pp, ΛΛ, ΣΣ, ΞΞ, Σ(1385)Σ(1385), in the decays of ψ are desirable. To date, the branching fractions of the decays ψ → Ξ −Ξ+ and J/ψ → Σ(1385) ∓Σ (1385) ± were previously measured with a low precision [5] [6] [7] [8] [9] , and the decay ψ(3686) → Σ(1385) ∓Σ (1385) ± has not yet been observed.
By using hadron helicity conservation, the angular distribution for the process e + e − → ψ → BB can be expressed
where θ is the angle between the baryon and the positronbeam direction in the e + e − center-of-mass (CM) system and α is a constant. Various theoretical calculations based on first-order QCD have made predictions for the value of α. In the prediction of Claudson et al. [10] , the baryon mass is taken into account as a whole, while the constituent quarks inside the baryon are considered as massless when computing the decay amplitude. The prediction by Carimalo [11] takes the mass effects at the quark level into account. Experimental efforts are useful to measure α in order to test the hadron helicity conservation rule and study the validity of the various theoretical approaches. In the previous experiments, the angular distributions are measured with a few decays, such as ψ(3686) → pp [12] and [13] [14] [15] . Among them, the angular distributions for the J/ψ → Ξ −Ξ+ , Σ(1385) ∓Σ (1385) ± decays are determined with a low precision, while for the decays ψ(3686) → Ξ −Ξ+ , Σ(1385) ∓Σ (1385) ± have not yet been measured.
In this paper, we report the most precise measurements of the branching fractions and angular distributions for the de-
6 J/ψ [17] and (106.4 ± 0.9) × 10 6 ψ(3686) [18] events collected with the BESIII detector at BEPCII.
II. BESIII DETECTOR AND MONTE CARLO SIMULA-TION
BEPCII is a double-ring e + e − collider that has reached a peak luminosity of about 8.5 × 10 32 cm −2 s −1 at a CM energy of 3.773 GeV. The cylindrical core of the BESIII detector consists of a helium-based main drift chamber (MDC), a plastic scintillator time-of-flight (TOF) system, and a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed in a superconducting solenoidal magnet with a field strength of 1.0 T. The solenoid is supported by an octagonal fluxreturn yoke with resistive plate counter modules interleaved with steel as muon identifier. The acceptance for charged particles and photons is 93% over 4π stereo angle, and the charged-particle momentum resolution at 1 GeV/c is 0.5%, the photon energy resolution at 1.0 GeV is 2.5% (5%) in the barrel (end caps). More details about the apparatus can be found in Ref. [19] .
The response of the BESIII detector is modeled with Monte Carlo (MC) simulations using a framework based on GEANT4 [20, 21] . The production of ψ resonances is simulated with the KKMC generator [22] , while the subsequent decays are processed via EVTGEN [23] according to the branching fractions provided by the Particle Data Group (PDG) [3] , and the remaining unmeasured decay modes are generated with LUNDCHARM [24] . To determine the detection efficiencies for ψ → Ξ −Ξ+ , Σ(1385)
∓Σ
(1385) ± , one million MC events are generated for each mode, corresponding to samples about 20 ∼ 50 times larger than expected in data. The events are generated for each channel with our measured angular distribution parameter, which we will introduce in detail later; the Ξ and Σ(1385) decays in the signal modes are simulated inclusively according to the corresponding branching fractions taken from PDG [3] . +Σ (1385) − channel. Only tracks that are reconstructed in the MDC with good helix fits and within the angular coverage of the MDC (| cos θ| < 0.93, where θ is the polar angle with respect to the e + beam direction) are considered. Information from the specific energy loss measured in MDC (dE/dx) and from TOF are combined to form particle identification (PID) confidence levels for the hypotheses of a pion, kaon, and proton, respectively. Each track is assigned to the particle type that corresponds to the hypothesis with the highest confidence level. Events with at least two charged pions (π − π ∓ ) and at least one proton (p) are kept for further analysis.
III. EVENT SELECTION
In order to reconstruct Λ baryons, a vertex fit is applied to all pπ − combinations; the ones characterized by χ 2 < 500 are selected. The invariant mass of the pπ − pair is required to be within 6 MeV/c 2 of the nominal Λ mass. Subsequently, candidates for Ξ − and Σ(1385) ∓ baryons are built by combining all reconstructed Λ with another π ∓ . The combination with the minimum
The partner ofΞ + orΣ(1385) ± is extracted from the mass recoiling against the selected π ∓ Λ system,
where E π ∓ Λ and p π ∓ Λ are the energy and the momentum of the selected π ∓ Λ system, respectively, and E CM is the e + e − CM energy. Figure 1 shows the scatter plots of 
2 is applied to suppress the background ψ(3686) → π + π − J/ψ, where the M recoil π + π − is the recoil mass of all π + π − combination, and M J/ψ is the nominal mass of J/ψ according to the PDG [3] .
IV. BACKGROUND STUDY
Data collected at center-of-mass energies of 3.08 GeV (300 nb −1 [17] ) and 3.65 GeV (44 pb −1 [18] ) are used to estimate the contributions from the continuum processes e + e − → Ξ −Ξ+ , Σ(1385) ∓Σ (1385) ± . After applying the same event selection criteria, only a few events survive, which do not form any obvious peaking structures around theΞ
The scale factor between the data at ψ(3686) peak and that at 3.65 GeV is 3.677, taking into account the luminosity and CM energy dependence of the cross section. This implies that the backgrounds from continuum processes are negligible.
The contamination from other background sources is studied by using MC simulated samples of generic ψ decays that contain the same number of events as data. After applying the same event selection criteria, it is found that the channels J/ψ → γη c with η
+ (the branching fraction is preliminarily determined with the data based on an iterative method), and J/ψ → Σ(1385) −Σ (1385) + are potential peaking backgrounds for J/ψ → Ξ −Ξ+ . According to MC simulations of these backgrounds, their yields are expected to be negligible after normalization to the total number of J/ψ events. For the ψ(3686) → Σ(1385) ∓Σ (1385) ± decay, the surviving backgrounds mainly come from the process ψ(3686) → π + π − J/ψ.
V. RESULTS

A. Branching fraction
The signal yields for
are determined by performing an extended maximum likelihood fit to M recoil π ∓ Λ spectrum. In the fit, the signal shape is represented by a simulated MC shape convoluted with a Gaussian function taking into account the mass resolution difference between data and MC. The background shapes for ψ → Ξ −Ξ+ and ψ(3686) → Σ(1385) ∓Σ (1385) ± are represented by a second-order polynomial function since the peaking backgrounds are found to be negligible and the remaining backgrounds are expected to be distributed smoothly in M recoil π ∓ Λ . In the decay J/ψ → Σ(1385) ∓Σ (1385) ± , the peaking background is found to be significant and is included in the fit. The shapes of the peaking backgrounds are represented by the individual shapes taken from simulation, and the corresponding number of background events is fixed accordingly. The remaining backgrounds are described by a second-order polynomial function. Figure 2 shows the projection plots of M The branching fractions are calculated by
where X stands for the Ξ −Ξ+ and Σ(1385) ∓Σ (1385) ± final states, ǫ denotes the detection efficiencies taking into account the product branching fraction of the tag mode of Ξ − (Σ(1385) ∓ ) decay and the values of α measured in this analysis, N obs. is the number of signal events from the fit, and N ψ is the total number of J/ψ or ψ(3686) events [17, 18] . Table I summarizes the number of observed signal events, the corresponding efficiencies, and branching fractions for the various decays of this measurement with the statistic uncertainty only.
B. Angular distribution
The values of α for the six decay processes are extracted by performing a least-squares fit to the cos θ distributions in the range of 0.8 to −0.8. The cos θ distributions are divided into 8 equidistant intervals for the process ψ(3686) → Σ(1385) ∓Σ (1385) ± and into 16 intervals for the other four decay modes.
The signal yield in each cos θ bin is obtained with the aforementioned fit method. The distributions of the efficiencycorrected signal yields together with the curves of the fit are shown in Fig. 3 . The α values obtained from the fits based on Eq. (2) are summarized in Table I . 
VI. SYSTEMATIC UNCERTAINTY
A. Branching fraction
Systematic uncertainties on the branching fractions are mainly due to efficiency and resolution differences between data and MC. They are estimated by comparing the efficiencies of tracking, PID, Λ and Ξ − reconstruction, and the π ∓ Λ mass window requirement of the reconstructed Ξ(Σ(1385) ∓ ) between the data and simulation. Additional sources of systematic uncertainties are the fit range, the background shape, the angular distributions, and the mass shift in M recoil π ∓ Λ . In addition, the uncertainties of the decay branching fractions of intermediate states and uncertainties of the total number of ψ events are also accounted for in the systematic uncertainty. All of the systematic uncertainties are discussed in detail below.
1. The uncertainties due to the tracking and PID efficiencies of the π originating from Σ(1385) decays are investigated with the control sample J/ψ → ppπ + π − . It is found that the efficiency difference between data and MC is 1.0% per pion for track reconstruction and PID, respectively, taking into account the relative low momentum. These differences are taken as systematic uncertainties.
2. The uncertainty of the Λ reconstruction efficiency in Σ(1385) decays is estimated using the control sample ψ → Ξ −Ξ+ . A detailed description of this method can be found in [25] . The differences of Λ reconstruction efficiency between data and MC are found to be 3.0% and 1.0% in the J/ψ and ψ(3686) decay respectively, which are taken into account as systematic uncertainties.
3. The Ξ reconstruction efficiency, which includes the tracking and PID efficiencies for the pion from the Ξ decay and the Λ reconstruction efficiency, is studied with the control samples ψ → Ξ −Ξ+ reconstructed via sin- gle and double tag methods. The selection criteria of the charged tracks, and the reconstruction of Λ and Ξ candidates are exactly the same as those described in Sec. III. The Ξ − reconstruction efficiency is defined as the ratio of the number of events from the double tag Ξ −Ξ+ to that from the single tag. The difference in the Ξ reconstruction efficiency between data and MC samples is taken as the systematic uncertainty.
For ψ → Σ(1385)
−Σ (1385) + , a strict requirement for the mass window of π ∓ Λ with 1 σ level is applied to suppress backgrounds, where the width σ of the charged Σ(1385) mass is 35 ∼ 40 MeV [3] . We vary the nominal requirements by ± 10 MeV/c 2 and take the difference between the data and the MC as the systematic uncertainty due to mass window of π ∓ Λ. For the Ξ channels, the systematic uncertainty due to mass window of π ∓ Λ is estimated to be negligible.
5. In the fits of the M recoil π ∓ Λ spectrum, the uncertainty due to the fit range is estimated by changing the fit range by ± 10 MeV/c 2 . The differences of the signal yields are taken as the systematic uncertainties.
6. The uncertainty related to the shape of nonpeaking backgrounds, which is described by a second-order polynomial function in the fit, is estimated by repeating the fit with a first or a third-order polynomial. The largest difference in the signal yield with respect to the nominal yields is taken as the systematic uncertainty. In the decay J/ψ → Σ(1385) ∓Σ (1385) ± , the uncertainty related to the peaking background is estimated by varying the normalized number of background events by 1σ. The signal yield changes are taken as the systematic uncertainty related to the peaking background. The total uncertainty related to the background are obtained by adding the individual contributions in quadrature.
7. The uncertainty in the detection efficiency due to the modeling of the angular distribution of the baryon pairs, represented by the parameter α, is estimated by varying the measured α values by 1σ. The relative change in the detection efficiency is taken as a systematic uncertainty.
8. Due to the imperfection of the simulation of the momentum spectrum of the pion from Ξ or Σ(1385) decays, a mass shift (∼2 MeV/c 2 ) between data and MC is observed in the M recoil π ∓ Λ spectrum for the J/ψ decays (the mass shift in ψ(3686) decay is negligible), which may affect the signal yields since they are obtained by fitting with the corresponding MC shape convoluted with a Gaussian function. To estimate the corresponding effect, the shift of the M recoil π ∓ Λ spectrum for the simulated exclusive MC events is corrected, and then the data are refitted with the same method as the nominal fit. The resulting changes in signal yields are taken as the systematic uncertainty. 10. The systematic uncertainties due to the total number of J/ψ or ψ(3686) events are determined with inclusive hadronic ψ decays; they are 0.6% and 0.8% for J/ψ and ψ(3686) [17, 18] , respectively.
The various contributions of the systematic uncertainties on the branching fraction measurements are summarized in Table II. The total systematic uncertainty is obtained by summing the individual contributions in quadrature.
B. Angular distribution
Various systematic uncertainties are considered in the measurement of α values. These include the uncertainty of the signal yield in the different cos θ intervals, the uncertainty of cos θ fit procedure, and the uncertainty related to the detection efficiency correction curve as function of cos θ bin. They are summarized in Table III and are discussed in detail below. 3. In the analysis, the α values are obtained by fitting the cos θ distribution corrected for the detection efficiency.
To estimate the systematic uncertainty related to the imperfection of simulation of detection efficiency, the ratio of detection efficiencies between data and MC simulation is obtained based on the control sample J/ψ → Ξ −Ξ+ with a full event reconstruction. Then, the cos θ distribution corrected by the ratio of detection efficiencies is refitted. The resulting differences in α are taken as the systematic uncertainty.
All the systematic uncertainties for the α measurement are summarized in Table III . The total systematic uncertainty is the quadratic sum of the individual uncertainties, assuming them to be independent.
VII. CONCLUSION AND DISCUSSION
Using (225.3 ± 2.8) × 10 6 J/ψ and (106.4 ± 0.9) × 10 6 ψ(3686) events collected with the BESIII detector at BEPCII, the branching fractions and the angular distributions for ψ → Ξ −Ξ+ and Σ(1385) ∓Σ (1385) ± are measured. A comparison of the branching fractions and α values between our measurements and previous experiments is summarized in Tables IV and V, ± and the branching fraction for ψ(3686) → Ξ −Ξ+ are in good agreement and much more precise compared to previously published results. The measured α values are also compared with the predictions in theoretical models [10, 11] . As indicated in Table V , most of our results disagree significantly with the theoretical predictions, which implies that the naive prediction of QCD suffers from the approximation that higherorder corrections are not taken into account. The theoretical models are expected to be improved in order to understand the origin of these discrepancies.
To test the "12% rule,"the branching fraction ratios are calculated to be (26.73 ± 0.50 ± 2.30)%, (7.76 ± 0.55 ± 0.68)% and (6.68 ± 0.40 ± 0.50)%, respectively, taking into account common systematic uncertainties. The ratios are not in agreement with 12%, especially for the Ξ −Ξ+ mode. 10.40 ± 0.06 ± 0.74 10.96 ± 0.12 ± 0.71 12.58 ± 0.14 ± 0.78 2.78 ± 0.05 ± 0.14 0.85 ± 0.06 ± 0.06 0.84 ± 0.05 ± 0.05 MarkI [5] 14.00 ± 5.00 --< 2.0 --MarkII [6] 11.40 ± 0.80 ± 2.00 8.60 ± 1.80 ± 2.20 10.3 ± 2.4 ± 2.5 ---DM2 [7] 7.00 ± 0.60 ± 1.20 10.00 ± 0.40 ± 2.10 11.9 ± 0.4 ± 2.5 ---BESII [8, 12] 9.00 ± 0.30 ± 1.80 12.30 ± 0.70 ± 3.00 15.0 ± 0.8 ± 3.8 3.03 ± 0.40 ± 0.32 --CLEO [9] ---2.40 ± 0.30 ± 0.20 --BESI [26] ---0.94 ± 0.27 ± 0.15 --PDG [3] 8.50 ± 1. 0.58 ± 0.04 ± 0.08 −0.58 ± 0.05 ± 0.09 −0.49 ± 0.06 ± 0.08 0.91 ± 0.13 ± 0.14 0.64 ± 0.40 ± 0.27 0.35 ± 0.37 ± 0.10 BESII [8] 0.35 ± 0.29 ± 0.06 −0.54 ± 0.22 ± 0.10 −0.35 ± 0.25 ± 0.06 ---MarkIII [6] 0. 
